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 Channel modification has played a vital part in shaping the rivers and streams as 
they are seen today.  Channel modifications range from the construction of dams and levees 
for flood control purposes to channelization of an existing meandering stream.  The study 
described herein was formulated as an attempt to quantify channelization in the Appalachian 
Highlands physiographic region of the United States.  While channelization was widespread 
throughout the eastern United States, the efforts of this study focused solely on the 
aforementioned physiographic region.   
 From the given study area, 750 randomly selected study sites were chosen by use 
of a two-stage random sampling technique.  Criteria were established for site analysis to 
ensure consistency throughout the classification process.  Selected grids, upon analysis, were 
placed into one of five categories: Potentially Modified, Potentially Affected by Downstream 
Modification, Confined, No Modification Detected, and No Stream.  Potentially modified 
streams proved to be surprisingly characteristic of the region as a stream lacking signs of 
modification was rarely found (1.06 % of sampled area). 
 As applied to the overall study area, the results of this study suggest that over 70% 
of perennial streams with a drainage area of less than 13 square miles have been previously 
modified in the past.  Data to present these findings, as well as the methods to retrieve said 
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  River and drainage networks observed today have been shaped through time by 
environmental processes such as previous glaciations and floods, as well as by human 
intervention.  Human impacts on stream networks include practices such as  deforestation, 
cultivation of cropland, ditching for use in irrigation, and the construction of dams and 
bridges (Brookes, 1988).  This study was designed to focus solely on stream channelization 
in the Eastern United States.  The term channelization will be used to define the process of 
straightening, widening, and deepening an existing river channel (Schumm 1984). 
 During the settlement of the Appalachian Highlands physiographic region of the 
United States, modification of the natural landscape increased.  Initial settlements were 
located along waterways for reasons of water supply, readily available building materials, and 
the fertile farm ground of the streamside floodplain.  Farming of these floodplains and 
natural expansion of the settlements eventually made tortuous watercourses become more 
and more unacceptable (Brookes 1988). 
In uninhabited regions the rivers are wayward and restless, ever shifting from place 
to place within the bounds of the valleys, that are theirs to sprawl across at will…. 
But as soon as a country acquires a settled population this unstable habitat of 
running water is corrected.  For many reasons, human interests demand that a stream 
shall have a fixed course.  When tribal or individual ownership of land was 
established, the rivers and streams often afforded the best natural boundaries.  The 
convenience of sites chosen for dwellings depended upon the constancy of the 
waters; and every cattle-enclosure required a permanent drinking-place.  Even the 
smallest of brooks this came under the influence of proprietary rights that were 
exerted to restrain the stream, to the convenient channel and to curb its natural ways. 
(Lampugh 1914, 651) 
 
Many early channelization efforts were aimed toward land drainage for agricultural uses, 
waterborne transportation of goods, and flood control.  These early drainage efforts were 
initially carried out by individual land owners.  Eventually, individuals banded together and 
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drainage works were completed by a wide range of organizations.  These organizations 
ranged from state and county agencies, to towns, local drainage districts,  and private 
companies.  Through the work of various governing bodies throughout the United States, 
over 320,000 km of channel were modified in the 150-year period between roughly 1820 and 
1970 (Little 1973). 
 Early attempts at land drainage were completed either through manual labor by 
groups of men equipped with shovels or through use of ditching plows.  The largest of such 
plows required a team of 68 oxen and eight men to drive (Hay and Stall 1974).  Along with 
the ditching of waterways, wetland and swampy areas were drained for both agricultural 
purposes and the passage of travelers.  Underground tile systems were implemented as a 
medium for drainage in many cases.  Although these extensive tile drain systems required no 
open channels on the surface, the outlet was generally in a pre-existing open-channel stream.  
These outlet channels generally needed to be widened, deepened, and straightened to convey 
the additional water being supplied by the tile systems.  Most importantly, the outlet streams 
were straightened to increase the local stream gradient allowing the tile drains to work more 
efficiently. 
 As demand for wetland drainage and channelization grew, technology for completing 
these tasks also advanced.  Larger projects for channel straightening would employ the use 
of in-stream channel dredges (Hay and Stall 1974), while smaller, farm-based projects began 






Evidence of the application of dynamite can be seen in a letter included in the Du-Pont 
Farmers Handbook (1912, 37) from Chas Wilson: 
The creek was making all kinds of turns and swings and cutting my farm up in an 
awful shape…. The ditch they shot here to my measure was 80 feet long and 7 feet 
wide and 3 ½ at bottom, 3 ½ to 4 deep with the cost of $2.25, which would cost me 
close to $1.25 per rod [16.5 ft] if I was to have it done with a team and scraper or 
with a shovel.  
 
Included in the handbook are detailed instructions for farmers and land developers as to the 
proper way to drain wet land and straighten streams. 
 In conjunction with the need for the drainage of wet land for agriculture came the 
need for drainage as it applied to the overall value of the land.  Swampy lands with poor 
drainage were considered worthless, as attempts to farm them typically failed.  Once drained, 
however, these lands were found to be extremely fertile, and their production exceeded that 
of lands that had not required drainage for cultivation.  One section (640 acres) of poorly 
drained land offered in trade to an early settler for his horse and saddle was declined; in 
1974, that same section, now drained, was valued at nearly $1 million (Hay and Stall 1974).  
The motivation for drainage works to be undertaken by both individuals and drainage 
districts multiplied with the potential for increase in the overall worth of land once drainage 
had been completed.  Valley bottoms once unavailable for agricultural use became a viable 
source for crop production once drainage had been completed.  Through channelization, 
valley bottoms were freed of meandering channels, producing more room for crop 
production.  Streams which previously flooded frequently throughout the year were now 
confined within the incised banks which resulted from the channelization effort.  This 
process was repeated as frequently as each landowner or drainage district deemed necessary, 
encompassing thousands of miles of river. 
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 Unfortunately, a quantitative exploration of the true number of stream miles 
channelized in the Eastern United States has yet to be compiled.  Numerous studies (Hay 
and Stall 1974; Campbell 1972; Emerson 1971; Little 1973) have been completed detailing 
the degree of channelization works in targeted drainage basins, or on individual stream 
networks.  These studies did not, however, look at the overall impact of channelization on a 
larger scale. 
 While many channelization projects were completed for reasons of drainage and 
farming practices, other channelization efforts implemented by government agencies were 
completed for flood regulation.  Over a period of 11 years, from 1960 to 1971, channel 
improvement projects accounted for roughly 45,600 km of stream modification in the 
Eastern United States (Little 1973).  These projects were undertaken by both the Corps of 
Engineers and the Soil Conservation Service, and included the construction of floodwalls to 
control flooding in some instances. 
 From tabulations of government channelization and channel improvement projects, 
such as Little (1973), estimations of actual stream miles channelized have been given; but no 
thorough research to quantify the true amount of channelization has been completed.  The 
gap in available literature and studies previously completed is evident when a measure of 
streams modified is of interest.  It is apparent that channelization works were expansive 
throughout the United States from the late 19th century into the middle of the 20th century; 
but a quantitative number of streams modified, or affected by modification, is currently 





A. Channel Response 
 The practice of channel straightening reduces channel sinuosity (defined as the 
overall stream length divided by the length of the valley) and results in an increased stream 
gradient due to shortening the overall length of the original stream course (Schumm et al. 
1984).  This, in turn, results in channel incision and widening that increases depth and cross-
sectional area of the channel (Simon 1986).  Most often, channelization involves both 
straightening and enlargement of cross-sectional area.  The overall result of these changes is 
a dramatic increase of stream power, defined as the product of shear stress (τ0) and mean 
velocity (V ).  The increase in stream power strengthens the erosive capabilities of the stream 
and leads to channel adjustment through incision and subsequent widening.  If a channel had 
an overall valley slope of 0.002 and a channel depth of 5 feet under normal flow conditions, 
a decrease in sinuosity from 1.7 to 1 would increase sediment transport capacity by a factor 
of between 2 and 5.  If the decrease in sinuosity were to be accompanied by an increase in 
channel depth that effectively doubled the original hydraulic radius (total flow area divided 
by the wetted perimeter of the channel), sediment transport capacity would be increased by 
about 50 times that of the original channel capacity (Schumm 1984).  These processes result 
in an increase in bank erosion rates (Emerson 1971).   The increase in overall stream power 
and, therefore, a greater ability to transport the supplied sediment, leads to an erosive trend 
progressing upstream from the channelized reach.  Upstream degradations result from either 
the system’s attempt to increase the amount of transported bed material to attain 
equilibrium, or to decrease the overall channel gradient (Simon 1986). 
 As a result of the channel adjustment, peak in-channel flow conveyance capacity as 
related to discharge, is increased. During flooding events, a shallow, meandering channel 
with access to the adjacent floodplain possesses a much smaller capacity to convey flood 
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flows within the channel banks compared to a channelized stream consisting of high, steep 
banks with no access to the adjacent floodplain.  Floodplain inundation is greatly reduced or 
eliminated altogether compared to pre-channelization conditions for a flood event of equal 
magnitude.  This is again due to the increase in channel geometry attributable to 
channelization of the stream.  Flood wave travel time, or the time between the initiation of 
the rising hydrograph at a given location and the beginning of the rising hydrograph at some 
point downstream, is also greatly reduced due to the loss of floodplain interaction within the 
channelized system (Campbell 1972).  In a study performed by Campbell et al. on the Boyer 
River in western Iowa, effects of channelization were observed by comparison of pre- and 
post-channelization conditions.  Unit hydrographs were implemented for input runoff and 
the convex method, developed by the Soil Conservation Service, was applied for flood 
routing.  Peak discharge after straightening increased from 90%-190%, depending on the 
Manning’s n, channel roughness, value applied.  Travel time for the model flood wave was 
reduced by 65% as compared to pre-channelization conditions.  Time of flooding, or 
floodplain inundation (which was previously recorded at 30-40 hours), was completely 
eliminated.  This is a result of the straightening of the channel from an original length of 
402 km to the present length of 161 km; an overall shortening of 241 km and a decrease in 
sinuosity from 2.5 to 1. 
 Due to the increased erosive power of the stream, widening of the channel through 
steam bank erosion and channel incision is generally observed after a stream is channelized.  
Erosion generally varies from site to site due to the dependence on the bed and bank 
material properties.  Erodibility and stratification of bed and bank material play a key role in 
the river’s response to channelization.  Emerson (1971) noted an increase in the width of 
one section of the Blackwater River in Missouri from 22.8 m prior to straightening to 124.2 
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m after straightening, while Schumm et al. (1984) reported increases in bank width from 10 
m to 50 m resulting from stream channelization in the drainage basin of Missouri’s Tarkio 
River. 
 River response to channelization differs from site to site, depending on the degree of 
channelization, as well as the surrounding bed and bank material.  If the result of 
channelization is, for instance, a channel with bedrock substrate and no discernable pool-
riffle sequence, the stream would be expected to respond differently than a site with gravel 
substrates and a visible pool-riffle sequence, even if both were channelized.  In the latter 
situation, the channel composed of gravel substrates with a pool-riffle sequence will recover 
from modification at a faster rate than that of the bedrock controlled stream.  Thus, 
response to channelization will determine the rate at which the system re-stabilizes, both 
structurally and in terms of organisms within the channel banks.  Estimates of 40-50 years 
for channelized streams of the southeastern United States have been given for a channel to 
re-approach stability (Schumm 1999).  These are simply estimates, as actual times may be far 
greater or lesser, depending on overall response of the system to channelization. 
 
B. Ecological Response 
 
 The effects of river channelization are evident on many levels of in-stream ecology.  
Fish populations are affected by the modification of habitat structures; macroinvertebrate 
response has been noted as declining, but with an often rapid rate of recovery; and aquatic 
vegetation has shown direct impact in response to the changes in both physical and chemical 
characteristics of the channel (Booker 1985). 
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 Research performed by Brookes (1988) compiled and outlined previous studies of 
fish habitat and population response after channelization projects.  Studied parameters 
ranged from number of fish species before and after channelization to the annual production 
rates of a certain species.  Recovery rates of total population numbers varied from 19% to 
100%, depending on the degree of channelization and the overall scope of the project 
studied.  A 100% recovery within 10-15 years was noted for non-trout species in streams 
where channelization had resulted in the initial loss of pool-riffle sequence and general 
removal of cover for habitat but where pools re-formed after channelization was completed 
(Elser; Bulkley et al., as cited in Brookes 1988, 123).  In channelization projects where a 
pool-riffle sequence was replaced by an unstable substrate, however, annual reproduction 
rates for brook trout were noted as recovering after 52 years to 56% of their previous levels 
(Hendrick, as cited in Brookes 1988, 124).  Channelization resulting in the loss of pools and 
riffles, uniform water depth, bedrock substrate with no bottom cover, and increased 
turbidity resulted in both reduced numbers and loss of certain species of fish with no 
recovery (Trautman; Trautman and Gartman, as cited in Brookes 1988, 125).  This suggests 
that channelization efforts resulting in a channel with bedrock substrate and inability to 
reproduce some sort of pool-riffle sequence along the longitudinal profile of the stream are 
particularly harmful for fish populations.  
 In studies completed by the North Carolina Wildlife Resources Commission on the 
coastal plain region of North Carolina, effects of channelization were reported in terms of 
biomass and numbers of harvestable game fish present both prior to and after 
channelization works (Tarplee et al., as cited in Brookes 1988, 130).  Total biomass 
decreased from around 170 kg/ha prior to channelization to just below 60 kg/ha after 
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channelization was complete.  The number of harvestable game fish decreased significantly 
as well from around 660 fish per hectare to 140 per hectare. 
 Like fish populations, macroinvertebrate populations have been shown to be 
sensitive to changes in habitat (Brookes 1988).  A reduction of habitat diversity in the Buena 
Vista Marsh was found to increase drift where productive channel substrates were found to 
be unstable (Sanders, Schmal and Sanders, as cited in Brookes 1988, 117).  Drift is a naturally 
occurring phenomena associated with invertebrates; drift generally peaks in the evening 
hours as the organisms begin to feed.  Without stable substrate for invertebrates to cling to, 
any event producing turbulent flow conditions increases drift.  Trout biomass and 
production are strongly correlated with invertebrate drift densities, implying that a decreased 
population of invertebrates due to unstable substrates and initial drift increases would 
adversely affect trout populations (Romaniszyn et al. 2006).  Recovery of macroinvertebrate 
fauna, however, was shown to take place where substrate size and stability remain 
unchanged as a result of channelization (Hortle and Lake, as cited in Brookes 1988, 118).   
  Booker (1985) also presents a summary of studies completed for determining effects 
of channelization works on macroinvertebrate populations.  Studies completed in southwest 
England showed significant reductions in the number of in-stream macroinvertebrates 
directly after channelization but reported recovery of benthic invertebrates to be rapid 
(Pearson and Jones, as cited in Booker 1985).  McCarthy (1981) reported a 90% reduction in 
macroinvertebrate population immediately following dredging efforts of the River Moy in 
Ireland with a slow recovery rate; after a two-year period, however, high densities of midges 
and mayflies were recorded (Booker 1985). 
 Decrease in aquatic plant populations as a result of channelization may be attributed 
to the decrease in both fish and macroinvertebrate populations as vegetation growing within 
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the channel banks provides protection for macroinvertebrate species and shelter for fish 
(Brookes 1988).  Along with the production of shelter, aquatic vegetation also provides 
diversity in flow patterns within the channel.   Riparian vegetation reduces local shear and 
enhances depositional characteristics of the flow by increasing flow resistance near bank 
surfaces (Simon and Darby 1999). 
 Through channelization and dredging, channel cross-sections are altered, bringing 
changes in quality and overall character of aquatic vegetation (Simon and Darby 1999).  
Channel incision promotes the abandonment of floodplain, resulting in vegetated terraces.  
This also results in an overall decrease of riparian vegetation (Hupp 1999).  While re-
vegetation of channelized stream banks is possible, it is likely that channel banks will 
continue to erode through bank migration and failure due to incision.  Resistance to shearing 
of the stream bank is strongly proportional to the root depth of the existing riparian 
vegetation (Simon and Darby 1999).  As channelization results in a decrease of existing 
riparian vegetation, continuing bank erosion and failure will likely prevent vegetation from 
re-colonizing on already eroding banks.  Thus, re-stabilization of those banks from root 










II. METHODS  
 
  While channelization has been shown (Little 1973; Campbell 1972; Hay and Stall 
1974; Emerson 1971; Brookes 1988) to be widespread throughout the United States for 
flood control and drainage purposes, an accurate quantitative assessment of stream 
modification has not been given.  Estimates of the overall amount of stream channelization 
have been formulated from state and government agency projects, but these studies focus 
solely on projects completed over a specified time interval, and not the entirety of channel 
modification works.  Other sources previously reviewed and reported the scope of 
channelization and its effects, but on a watershed-based scale.  Studies quantifying the 
overall amount of channelization within the eastern United States and the cumulative effects 
have yet to be completed.  
 This study was performed to quantify channelization in the Appalachian Highlands 
region of the Eastern United States, as seen in Figure 1.  A two-stage random sampling 
technique was utilized to select the study sites to be analyzed.  Two-stage sampling was used 
opposed to simple random sampling due to the size of the overall study region.  While 
simple random sampling may have resulted in a more spatially varied data set, the two stage 
technique was applied to meet time constraints for the study.   
 The overlying objective of the study was to spatially quantify the occurrence of 
channelized streams throughout the eastern United States as well as streams affected by 
modification of a downstream watercourse.  While total number of stream miles modified 
were not calculated, the results of this study will hopefully lead to an increased 
understanding of the rarity of locating an unmodified stream.      
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A. Study Site 
Location of the study site was selected from both physiographic and glacial extent 
boundaries.  The study region is bounded by the Wisconsin southern glacial extent to the 
north, and the coastal plain physiographic region to the south, east and west.  This, in turn, 
leaves the Appalachian Highlands physiographic region, as well as a small portion of the 
Interior Plain region in the far west of the study area. This results in a final area of roughly 
669,930 km2. 
 Included in the Appalachian Highlands physiographical division are the provinces of 
the Piedmont, Blue Ridge, Valley and Ridge, St. Lawrence Valley, Appalachian Plateau, New 
England, and Adirondack (Fenneman 1928).  Due to the aforementioned constraint of 
glacial extents, the New England, Adirondack, and St. Lawrence Valley provinces were 
omitted from analysis.  The Interior Low Plateau province is the only region included from 
the Interior Plains division. 
 The geology of the Appalachian Highlands varies only slightly from that of the 
Interior Plain, with the Appalachian Highlands making up the majority of the study area.  
Over the expanse of the Appalachian Highlands and the Interior Low Plateau, surface 
formations are either Pennsylvanian or pre-Pennsylvanian.  This results in highly resistant 
strata forming the mountains and ridges with less resistant rock, such as carbonates and 
shales, forming the valley bottoms (Mckenzie, et. al. 1985).    The Coastal Plain region was 
omitted from the study area to ensure no streams analyzed were, or had been, under the 
influence of tidal controls in the formation of the overall shape of the stream.  Streams 
located in the glaciated region of the Eastern United Stated were also ignored due to the vast 
amount of sediment deposition and stream reformation associated with both glacial 
advancement and retreat. 
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 To obtain sites to be used for analysis from the overall study area, a two-stage 
random sampling technique was applied.  Using simple random sampling techniques, n 
primary entities are selected from the primary population of the sample set, N.  From the n 
primary units selected, m secondary entities are selected from the secondary population, M, 
which is contained within each of the previously selected n primary units.  This enables a 
completely random, unbiased sample to be extracted from a data set of considerable size 
while producing small clusters of sample points.  Utilizing this selection method greatly 
reduced the number of topographic quadrangles needed to complete the analysis.        
 A grid comprised of 10-kilometer squares, used as the primary population, N, was 
built and superimposed on the area described, resulting in 6,425 available grids, covering 
642,500 km2, as shown in Figure 2.   
 
FIGURE 2 - Primary population of 10 km2 grids, N, superimposed on study area; with primary 
selection, n, shown as highlighted features. 
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The difference in area of 27,430 km2 can be attributed to the loss of area around the edges of 
the study area due to using square grids.  Grids were numbered in sequential order, 
beginning with the northwestern-most grid, assigning numbers from west to east until the 
southeastern-most grid was reached.  
  From the 6,425 available 10km square grids, 75 were sampled as the primary units, n, 
of the first stage of the random sample.  Grids were selected by way of random number 
generation using MS Excel, with the distribution being checked visually to ensure a spatially 
representative selection was taken from the study area.  In each of the 75 primary units, one 
hundred contiguous 1km2 grids were inserted to form the secondary population, M.  The 
secondary population was numbered sequentially, as shown in Figure 3, beginning with the 
upper leftmost corner.  From the secondary units, 10 sample points, m, were obtained by 
random number generation, creating 750 total sample grids for analysis.     
 USGS topographic quadrangles (1:24000 scale) were utilized for analysis of the 
selected study sites.  Quadrangles obtained from each state’s respective geospatial database 
were imported into a Geographic Information System (GIS).  For every site selected for 
analysis, the topographic map within the 1km2 grid was paired with the aerial photograph 
(www.terraserver-usa.com) of the same area for stream comparison, as shown in Figure 4. 
 Standard protocol for the assessment of stream planform as it relates to 
channelization does not exist.  For this reason, general procedural steps were formulated to 
ensure consistent analysis of sampled streams.  Each site analysis began with identifying the 
stream closest to the center of the selected grid.  No instances were observed where two 
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FIGURE 3 -Numbering of secondary sample population, M; showing secondary  sample, m, as yellow 
dots. 
 




Intermittent streams, shown on topographic maps as a broken blue line comprised 
of dots and dashes, were disregarded for analysis within this study.  Intermittent streams 
were disregarded as determination of an accessible valley flat, and therefore ability to 
meander, could not be made on a consistent basis.  Rivers shown on the 1:24000 USGS 
topographic quadrangles as double blue line streams, or those that contained some area 
between the defining lines of the channel, were also disregarded due to the inability to 
effectively analyze ten channel widths within the bounds of the study region.   
 If the stream chosen closest to the center of the grid was shown as intermittent, the 
stream course was followed from the selected grid into the next adjacent 1km2 grid until it 
was shown as a single blue line, or perennial stream.  If, over the distance of two adjacent 
1km2 grids, the stream was shown only as intermittent, the stream was discarded from 
analysis and the next closest stream to the center of the grid was selected and the procedure 
was repeated.   If no single blue line streams were present within the grid, or no intermittent 
streams flowed into a single blue line stream within the aforementioned distance, the grid 
was designated as having no stream.  
 If the stream selected closest to the center of the grid was shown as a double blue 
line stream, the stream was discarded from analysis and the next closest stream to the center 
of the grid was chosen.  Using the rules established above, if the stream chosen was shown 
as intermittent to the confluence with a double blue line stream, it was again discarded and 
the next closest stream to the center of the grid was chosen.  Again, if only double blue line 
streams, or intermittent streams that flow directly into double blue line streams are present 





FIGURE 5 -Selected stream is intermittent, and followed into the next grid downstream where it 
flows into a perennial stream, which is used for analysis. 
 
 
FIGURE 6 -Selected stream is intermittent, flowing directly into a double blue line stream.  Grid is 
designated as having No Stream. 
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If the selected grid does not contain a stream, or is denoted as having no stream by 
the conditions stated above, a new neighboring grid was chosen by random number 
generation using MS Excel.  Formula (1) shows the applied format for selection of a new 
grid. 
 ( )( )( )0,* RANDnRound     (1) 
Where RAND() produces a single random number between zero and one, and n is the 
number of neighboring grids available for selection (i.e. not previously selected in sampling 
and containing a stream).  For example, if there are no previously selected neighboring grids, 
n=8 (see Figure 7 and 8), leaving the formula to output a whole number between 1 and 8.  If 
grids 2 and 5 were either previously selected or contain no stream, n=6.    
 
 
FIGURE 7 -New Grid Selection with no surrounding void spaces 
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FIGURE 8-New grid selection with previously selected grids marked as null. 
 
 
Neighboring grids used for selection of a new grid are numbered sequentially in the 
clockwise direction, beginning with the upper leftmost available grid.   All grids denoted as 
having no stream were re-selected using this method.  In the instance where no neighboring 
grids are available for analysis, the selected grid is recorded in final classification as “No 
Stream.” 
 Assuming the selected grid contains a blue line stream available for analysis, the 
selected stream was evaluated over the stream course contained within the selected grid and 
the next adjacent 1km2 grid downstream.  To ensure any given stream segment selected was 
not counted more than once throughout the analysis, any stream that had been sampled in a 
previously selected grid was disregarded the next time it would have been sampled, and the 
next closest stream was chosen.  
 To make an assessment of modification from a topographic map and aerial photo, 
guidelines were established to be followed through the analysis process for every grid.  This 
was again done to ensure consistency throughout the entirety of the project.  As illustrated 
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by Hay and Stall, streams that have undergone straightening in the past can generally be 
clearly identified from the planform represented on topographic quadrangles.  
A study of topographic maps readily differentiates the constructed drainage channels 
from natural streams as the latter are tortuous and meandering.  The constructed 
channels have obviously been realigned to follow straight lines and long smooth 
curves.  Right angle bends are found only in the smaller channels, and these are 
usually made to follow a road, to pass under a bridge, or at a confluence of two 
streams.  Numerous channels follow a straight line for lengths up to 0.5 miles, and a 
few are nearly straight for as far as 2 miles  (Hay and Stall 1974). 
 
 For each site sampled, the initial phase of sampling was to determine the stream to 
be sampled from the selected grid.  This was completed by the process outlined above.  
Availability of an accessible valley flat adjacent to the stream was essential to making a 
decision of stream modification.  With no accessible valley allowing the stream to meander, 
no concrete determination of modification could be made with confidence.  Without the 
presence of an accessible valley flat, a stream’s course may be naturally straight, due to the 
confines of topography, not necessarily due to human impacts.  Valley determination was 
completed with the stream meeting one of two established criteria:  (a) the stream meanders 
within the confines of the contour line closest to the stream line; (b) or there is an 
identifiable break of the contour line closest to the stream in the cross valley direction in 
such a way that the given contour line is no longer confining the stream.  While literature to 
support this decision is unavailable, study of aerial photographs in areas where the second 




FIGURE 9- Left site depicts selected stream meandering within the confines of the contour line 
closest to the stream, criteria (a); right side depicts identifiable break of the contour line closest to the 
stream in the cross valley direction, criteria (b). 
 
 
 To further test this method, selected streams in the Eastern Coalfields Region of 
Kentucky having less than 0.3 mi2 were evaluated through both topographic maps and site 
photographs using the procedure described above.  It also should be noted that the smaller 
streams were all depicted as intermittent streams on USGS topographical quadrangles.  Each 
of the smaller test streams were found to have an accessible, defined valley flat when the 
criteria for such was met. Although the given study omitted intermittent streams from 
analysis due to the smaller size and irregularity of the channel dimensions, this seems to 
support the procedure for determining the presence or absence of an accessible valley flat 
for higher order streams.      
 If the chosen stream did not display either of the characteristics mentioned for 
determination of an accessible valley flat within the selected sub-grid, the stream course was 
followed into the neighboring grid until it displayed the characteristics of possessing an 
accessible valley flat.  If the stream never displayed an accessible valley flat, or a definite 
decision could not be made, the stream was classified as confined. 
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 Assuming a stream displays the necessary characteristics of possessing an accessible 
valley flat, the overall planform shape of the stream was observed.  Overall planform shape 
was determined visually as braided, meandering, or straight (Leopold and Wolman 1957).  If 
a straight segment of blue line stream was observed, the drainage area of the stream at that 
particular point was calculated.  From the drainage area calculation, an estimate of channel 
width was obtained using the generalized regional curve for the eastern United States 
produced by Dunne and Leopold (1978), Figure 10.   As portrayed by Leopold and Wolman 
in reference to river channel patterns, completely straight reaches of unmodified streams are 
rare, if not completely non-existent.   
In the field it is relatively easy to find illustrations of either meandering or braided 
channels.  The same cannot be said of straight channels.  In our experience truly 
straight channels are so rare among natural rivers as to me almost nonexistent.  
Extremely short segments or reaches of the channel may be straight, but it can be 
stated as a generalization that reaches which are straight for distances exceeding ten 
times the channel width are rare. (Leopold and Wolman 1957, 53.) 
 
Based on these given observations, straight stream segments were measured with the straight 
distance being compared to the distance of ten channel widths computed from the regional 
curve.  If the measured segment of stream was greater than ten channel widths in length 
after fulfilling requirements for having an accessible valley flat in which it was able to 
meander, the stream was classified as “Indications of modification.”   
 If the stream segment flowed into another stream either inside the selected grid or 
in the neighboring grid downstream, both streams were analyzed.  If the selected stream was 
null of any characteristics leading to the decision of modification, but the downstream 
segment into which it flowed did possess those characteristics, the stream was classified as 
“potentially affected by downstream modification.”   
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If a stream did not solicit any of the qualifications of being modified while it had sufficient 
valley to assume an accessible floodplain for the site, the stream was classified as “No 
modification detected.”  
The classification process in its entirety can be seen in Figures 11, 12, and 13. 
Each selected stream was classified into one of five categories:  
• Indications of modification (Figure 14) 
•  Potentially affected by downstream modification  
• Confined (Figure 15)  
• No stream  (Figure 16) 
• No modification detected. (Figure 17)   
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FIGURE 10 - Bankfull channel dimensions as functions of drainage area.   
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FIGURE 14- Selected stream showing indications of modification 
 
 




FIGURE 16- Selected stream is intermittent, flowing into a double blue line stream, therefore 
denoting “No Stream.” 
 
 
FIGURE 17- Selected stream shows no indications of modification in the selected grid, and is 
therefore followed into the next grid downstream, where it again shows no indications of 




Statistics for each of the selected 75 primary grids were calculated to enable an 
unbiased estimation of the overall population of straightened streams within the study area 
to be calculated.  To estimate the population total, τ, and place bounds on the errors of 
estimation, several other parameters were calculated.  The following notation is used 
throughout the statistical calculations: 
 N= the number of primary grids available for sampling 
n=  the number of grids selected in the primary sample by simple random sampling. 
Mi= the number of total secondary grids available for sample in primary element i 





∑ = the number of grids in the population 
M = M
N
= the average size of secondary units for the population 







∑ = the sample mean of the ith grid 
 














































































































































































s   i=1,2,….,n    (5) 
 
With the bound on the error of estimation being calculated as: 
 
  2
ˆ V ˆ μ ( )     (6) 
 
To apply the general statistics to obtain an overall estimation of the population total, the 
unbiased estimation of the population mean, ˆ μ , is multiplied by the total number of 
secondary grids available for sampling, M.  This procedure is similar to that used in simple 
random sapling, with the calculation of the population mean and variance accounting for the 
added disparity introduced by the two-stage random sampling procedure.  Therefore, M ˆ μ is 
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The estimated variance of ˆ τ is: 
 
 







































∑    (8) 
 
where sb
2 is given in eqn. (4) and si
2 is shown in eqn. (5) 
 
With the bound on the error of estimation being calculated as: 
 
  2
ˆ V ˆ τ ( ) = 2 M 2 ˆ V ˆ μ ( )   (9) 
 
 

















III.  RESULTS 
 
 
 Data for each selected site was compiled and analyzed using GIS and the procedures 
detailed in the previous section.  The sampling process resulted in 750 individual sites for 
analysis, 10 from each of the 75 selected 10km by 10km grids.  The spatial distribution of the 
site selection is shown previously in Figure 1. 
 The primary stage of the two stage random sampling resulted in the selection of 
three states containing 47% of the entire sample, with 13 sites being selected in Kentucky, 
and 11 sites selected in both Pennsylvania and Tennessee.  These three states collectively 












 Results of analysis of individual selected grids were recorded in such a manner as to 
distinguish between decisions made based solely on the selected grid, and decisions made 
based on the selected grid in conjunction with the next grid downstream.  Each grid, when 
analyzed, received a binary output of 1 or 0 for each of the five possible choices: Indications 
of Modification, Potentially Affected by Downstream Modification , Confined, No Stream, 
and No Modification Detected.  This, in turn, enabled a mean and standard deviation of 
each set of selected grids to be calculated for each category.  The binary 1/0 output simply 
denotes whether, for example, the chosen stream within the grid is either modified (1) or not 
modified (0).   
Applying the methods discussed above, estimations of the entire population were 
calculated for each of the five possible outputs from analysis.  Due to the fact that a little 
over 1% (77 grids) of the original population of the 750 secondary grids sampled were 
determined to contain no stream in either the initially selected grid or in successive efforts 
thereafter to assign a new grid, the final population for the statistical analysis decreased to 
673 secondary 1 km2 grids.  Omitting the 77 grids containing no stream will increase the 
variance of the population estimates, and therefore the bounds on the error of estimation; 
however, leaving these empty grids within the sample space will skew the actual results of 
the analysis.  The population decrease will be reflected in the mi parameter previously 
described.  The number of primary samples will remain unchanged, but the resulting 
secondary subsamples will differ from primary group to primary group depending on the 
number of total “No Stream” secondary grids that were found in each over the course of 
analysis. 
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Of the remaining 673 1 km2 grids, 481 were classified as containing a stream 
classified as Indications of Modification, in either the selected grid or the next grid 
downstream, and 72 as being Potentially Affected by Downstream Modification, also for the 
selected grid or the next downstream.  This resulted in the final 120 grids falling in the 
categories of Confined, or No Modification Detected, which contained 112 grids, and 8 
grids, respectively.  This results in 71.47% of streams in the sample set having Indications of 
Modification, 10.70% were classified as being Potentially Affected by Downstream 
Modification, and 16.64% were classified as Confined.  This results in only 1.19% of the 
populations showing no signs of modification. 
 




As can be seen in Figure 17, although Kentucky held the greatest amount of 
secondary grids within the sample, South Carolina contained the greatest amount of 
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straightening per grid space with 80% of the sampled grids containing a stream with 
indications of modification.  Georgia and Alabama were the next highest with 75% and 73%, 
respectively, of the sampled grids containing a stream with indications of modification. 
 While streams showing evidence of modification were fairly prevalent throughout 
the entire sample set, streams that exhibited no signs of modification were rare.  Streams 
showing no signs of modification were only found in three states within the sample set: West 
Virginia, Virginia, and Pennsylvania.  These states accounted for about 39% of the total 
sample population, with 260 combined sample grids.  Overall, eight grids were found to 
contain streams that showed no signs of channel modification; four grids were found in 
West Virginia, three in Pennsylvania, and one in Virginia.   
 Applying the results of the sample set to the entire data set by the methods described 
herein, estimations of overall population size for a category as compared to the total sample 
population could be formulated.  The statistical calculations were broken down into two sets 
of projections; one for decisions made solely from the selected grid, and one for decisions 
made from both the selected grid and the next grid downstream into which the selected 
stream flowed. 
 For streams showing indications of modification only within the selected grid, 308 
grids were found from the original 673 grids sampled for analysis.  Applying this to the 
entire sample population of 642,500 grids, it can be predicted with 95% confidence that at 
least 235,301 grids will contain a stream with indications of modification, but no more than 
292,405 grids, with the median value being 263,853 grids.  
 If this is extended to the number of streams that show indications of modification in 
either the selected grid or the next grid downstream, the value drastically increases.  Again 
applying the results of the initial sample to that of the entire population, it can be predicted 
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that at least 379,490 grids would either contain a stream with indications of modification, or 
would show signs of modification if the selected stream was followed for a single grid space 
downstream.  The greatest number of grids that would populate this category, with a 95% 
confidence, is 442,909, with a median value of 411,200 grids.   
 If, to the previous two values, the results of streams being potentially affected by 
downstream modification were added, the values will again increase.  Instead of only looking 
at those streams that exhibited some traits of modification, the streams that were also 
potentially affected by downstream modification can be added and also predicted for the 
entire study population.   Streams either showing indications of modification or being 
potentially affected by modification within the selected grid raised from the previously 
reported value, to a median value of 271,562 grids with the upper and lower bounds of the 
estimation being 300,626 grids, and 242500 grids, respectively.  The resulting percentage of 
total grids does not show that much of an increase (41%-42.2%) when including the streams 
that were potentially affected by modification within the distance of 1km, or one grid space.  
This is due to the fact that the selected stream within the grid was generally the only stream 
within the grid.  If the streams that were shown to be modified within either the selected grid 
or the next grid downstream were added to the streams that were also affected by 
downstream modification in either the selected grid or the next grid downstream, the value 
increases drastically.   
 The previously reported median value of about 64% of the grids containing a stream 
with indications of modification increases to around 73.3% when the streams potentially 
affected by downstream modification are included.  This estimation shows that at least 
441,421 grids of the available 642,500 would have a stream that is either modified within 2 
km, or affected by modification (i.e. the confluence with the selected stream and another 
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stream that has been previously modified.)  The greatest number of grid spaces that would 
contain a modified stream with the current estimation is 506,052 with a median value of 
473,736 grids.   
 Completely contrasting the numbers of modification, are the estimations of the total 
number of un-modified streams within the entire sample population.  As previously 
mentioned, only 1.19% of the sampled 673 grids contained a stream that did not exhibit 
some sort of modification, whether that be relocation or simply straightening.  When applied 
to the population, it can be predicted with 95% confidence that there are no more than 
13,094 grids, of the total 642,500, that contain a stream with no signs of modification.  In 
conjunction with the previous statement, there are at least 612 grids containing an un-
modified stream, with the median value of the estimation being 6,853 grids. 
 If the results of the analysis are again adjusted to express the number of modified or 
un-modified streams from only those grids that contain a stream that is in fact able to be 
modified (i.e. grids containing a stream that has an accessible valley flat), the predictions 
previously reported show no significant change in actual number of projected grids.  A total 
of 112 grids were classified as “Confined” in the initial analysis, either in the selected grid or 
the next grid downstream.  While it is reasonable to disregard these grids because the 
purpose of this study is to define the number of modified streams from the population that 
are actually able to be modified, the overall results vary only in the variance, or bounds of 
error estimation, of the population total predictions.  Removing these grids simply decreases 
the sample size of the analysis, therefore increasing the variance of the population 
estimates.  
 With the grids classified as “Confined” and “No Stream” omitted from the analysis, 
the available sample population is decreased to 561 grids (77 classified as No Stream, and 
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112 classified as Confined).  Because of the decreased sample population size, the variance 
associated with the analysis greatly increases, but the overall effect on the population 
estimates is minor.  Of the 561 available grids sampled, 85.7% were found to exhibit some 
sign of modification in either the selected grid, or the next grid downstream, 12.8% were 
found to be affected by some downstream modification, and 1.43% of the population 
showed no signs of modification.  When projected to the population total using the methods 
previously described,  the median number of grids that could be expected to contain either a 
stream exhibiting some characteristics of modification of being affected by some 
modification downstream remains unchanged at 473,736.  The estimation does exhibit some 
change in the upper and lower bounds decreasing from 441,421 to 441,388 grids for the 
lower bound and increasing from 506,052 to 506,084 grids for the upper bound.  Likewise, 
the lower and upper bounds for the grids containing a stream that has not been previously 
modified decrease from 612 grids to 605, and increase from 13,094 to 13,101 grids, 
respectively.  The median value again remains unchanged.  Detailed results for each grid 
regarding the final determination of classification can be seen in APPENDIX I immediately 
following the text.  APPENDIX II on accompanying disk contains all study sites utilized 

















 From observations of the gathered data, it can be concluded that the majority of 
streams in the Appalachian Highlands have either been modified or affected by modification 
of a downstream reach.  Valley bottoms containing a channel with an accessible floodplain 
which once may have contained a tortuous stream are very unlikely to contain the same 
meandering stream today.  These observations also suggest that many of the river systems in 
the region are recovering from modification of some kind.     
 If a dart thrown was thrown randomly at a map of the study area, and the thrower 
chose the stream closest to the dart, they would be within 2km of a modification to either 
the chosen stream or the  next branch downstream at least 69% of the time.  On the 
contrary, if the process was repeated again, the thrower could only expect to find that stream 
to be unaffected by modification only 0.0953% of the time.  The stream may indeed be 
unmodified a little over 2.0% of the time, but the thrower would have to expect to only find 
an unmodified stream around 1.06% of the time. 
 With channel restoration and monitoring projects gaining ground in terms of funding 
on both state and federal levels, the reality that the stream course of today is not that of the 
original course has serious implications.  Before restoration is to begin, or monitoring efforts 
are implemented for a particular water body, the current condition of the river or stream 
should be evaluated for both present controls and for changes in the past that may have 
contributed to shaping the stream.  The same controls and changes that shaped the stream in 
the past will also contribute to shape the watershed (channel network) encompassing that 
stream.  Channel modification is and has been an area of concern in past decades, but the 
true extents of channelization and river modifications have not previously been reported in 
any kind of detail.  This study was preformed to fill this void.  
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 The estimations given here within for channel modifications and the overall rarity of 
unmodified streams occurring throughout the eastern United States are valid for the study 
sampling area.  This investigation omitted any streams shown as double blue line streams 
and streams indicated with a blue area between the bounding lines of the channel on USGS 
topographic map publications.  According to USGS standards for drawing blue line streams 
prior to 1993, streams shown as a double blue line stream were less than 40 feet wide at the 
time of publication.    After 1993, this value increased to the current standard of 50 feet 
(Conroy, 2008).  All maps used for this study were dated prior to 1993, and therefore using 
the old standard of 40 feet.  The results of this study, therefore, are applicable to any stream 
with a maximum low flow width of less than 40 feet in the reach studied.  A width of 40 feet 
corresponds to channels with a drainage are of about 13 mi2 or less, based on regional curve 
data for the eastern United States (Dunne and Leopold 1978).  The projections given do not 
take into account any stream with a maximum (low-flow) width greater than this value upon 
map publication.  The streams analyzed may well have a maximum width of greater than 40 
feet today due to channel incision and bank erosion.  
 Prior to completion of this study, only general assessments of the overall amount of 
channelization were available.  River miles channelized by state and federal agencies through 
channel works projects were reported; unfortunately these projects were generally on large 
scale rivers completed as a means of flood control.  Smaller scale projects on a watershed 
basis are generally much more extensive, but these studies were only completed for select 
watersheds throughout the country.   
 As can be seen from the research provided within this study, stream modification has 
greatly contributed to the overall shape of the streams and rivers observed today in the 
eastern United States.  Stream morphology and ecology, therefore, have been greatly 
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influenced by the channel modifications of the past.  Because stream response to 
channelization varies from site to site from both ecological and morphological standpoints, 
remnant signs of channelization will be different and, in some cases, not readily observable .  
From the results of this study, it can be seen that while a stream may not exhibit obvious 
characteristics of past channelization, it may in fact be recovering from the effects of prior 
channelization to some downstream reach or waterbody into which it flows.  
A.   Future Work 
 While this study was preformed to quantify the extents of channel modification in the 
eastern United States, some aspects of the project could be improved upon to further 
quantify the impacts of this practice on the chosen region of the country.  The sampling 
performed was done on a spatial basis, disregarding stream density in the study area.  
Incorporating the density of the stream networks within any given region of the study area 
and adjusting the sample based on these results may lead to a better representative sample of 
those areas that are more prone to channel modifications due to the density of the stream 
network. 
 In the same regard, adjusting the sampling procedure from simply a two-stage random 
sample into a two-stage cluster sample would also be beneficial.  Using cluster analysis of the 
two-stage random sample would not only increase the number of streams sampled in the 
study, but would identify areas where channelization or general modification of the stream 
network was highly localized.  In cluster sampling, the same approach would be necessary to 
select the primary grids, but the secondary sampling phase would change.  Once a selected 
grid was found to contain a modified stream, every grid that shares a neighboring boundary 
would also be sampled, and analyzed for the presence or absence of channel modification.  
This, in turn, would crea0te “clusters” of 1km2 grids within each larger 10 km x 10 km grid, 
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and produce a better estimate of not only the spatial variance of modification, but also of the 
number of modified streams within the study region (Thompson 1990).  Instead of reporting 
the probability of finding a modified, or un-modified, stream in a spatial sense, the actual 
number of streams within the entire study region found to be modified or un-modified could 
be reported with a certain confidence level in relation to the entire population size, or total 
number of streams, within the study area. 
 In the same context as the previously described extension of the project, total stream 
length would also be beneficial in terms of reporting the extents of channelization.  
Estimating the length of modification for each stream analyzed using either the current 
sampling procedure or the cluster type analysis, would then result in the output of a total 
number of stream miles modified within the study region.  Again, this would enable the total 
number of stream miles modified in contrast to the total number of stream miles within the 
study area to be reported.  These more quantitative methods of sampling and analysis would 
more completely convey the impact of channelization and channel modification for the 
study area in question. 
 Using the current approach to sampling and analysis, this study could be applied to 
other physiographic regions of the United States.  If one were able to develop criteria to 
sample the streams within the coastal plain region of the United States, enabling them to 
distinguish between those streams under tidal influences and those streams whose current 
planform shape is a result of some human impact, the resultant study could lead to a larger 
data set, and therefore, a more definite answer of the extents of channel modification as it 
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Percentage of Sample 64.13% 9.60% 14.93% 10.27% 1.07%  
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